In Brief
Timó teo et al. show how an ant-seed dispersal community responds to the removal of the most abundant disperser. They show an extensive structural plasticity of the remaining community, through rewiring, that allowed its functionality to be kept. Their results reveal the mismatch between simulation models and empirical test of species extinction.
SUMMARY
The pressing need to conserve and restore habitats in the face of ongoing species loss [1, 2] requires a better understanding of what happens to communities when species are lost or reinstated [3, 4] . Theoretical models show that communities are relatively insensitive to species loss [5, 6] ; however, they disagree with field manipulations showing a cascade of extinctions [7, 8] and have seldom been tested under field conditions (e.g., [9] ). We experimentally removed the most abundant seeddispersing ant species from seed dispersal networks in a Mediterranean landscape, replicating the experiment in three types of habitat, and then compared these communities to un-manipulated control communities. Removal did not result in large-scale changes in network structure. It revealed extensive structural plasticity of the remaining community, which rearranged itself through rewiring, while maintaining its functionality. The remaining ant species widened their diet breadth in a way that maintained seed dispersal, despite the identity of many interactions changing. The species interaction strength decreased; thus, the importance of each ant species for seed dispersal became more homogeneous, thereby reducing the dependence of seed species on one dominant ant species. Compared to the experimental results, a simulation model that included rewiring considerably overestimated the effect of species loss on network robustness. If community-level species loss models are to be of practical use in ecology or conservation, they need to include behavioral and population responses, and they need to be routinely tested under field conditions; doing this would be to the advantage of both empiricists and theoreticians.
RESULTS
We documented 2,146 ant-seed interactions from the 36 plots established in three habitat types along a decreasing gradient of ecological complexity (complex Montado forest, grazed forest, and cereal fields). In each habitat type, we sampled six control plots and six experimental plots. Messor barbarus dominated the networks in the 18 control plots (complex Montado: 67%; grazed forest: 65%; cereal field: 67% of the interactions). The removal of M. barbarus in experimental plots was performed by treating trails and nest entrances with a formicidae. Eleven ant species (2-7 species per plot) were recorded carrying seeds of 150 plant species (5-28 species per plot), establishing 401 unique ant-seed interactions (Data S1). Species and interactions have different levels of sampling completeness at the plot scale, being very high for ant species, high for seed species, and medium for interactions (96%, 61%, and 41%, respectively; Table S1 ; Supplemental Experimental Procedures). Detection proportion, however, was similar in control and experimental plots (Table S1) .
We tested the effect of the removal of M. barbarus on ant and seed species richness, network structure, and seed dispersal. We then compared our empirical results to those from a species loss model, which predicts the effect of M. barbarus removal. Full details and full results of the linear models (LMs) and the generalized linear models (GLMs) for plot-level statistics or the linear and generalized linear mixed models (LMMs and GLMMs) for multiple seed or ant species per plot are available in Supplemental Experimental Procedures.
Effect of Removing M. barbarus on the Number of Seeds Dispersed, Seed Species Richness, and Network Architecture The effect of M. barbarus removal on the number of seeds dispersed differed between habitats, with no significant change in the complex Montado and the cereal habitats (Tukey test, p = 0.153 and p = 0.965, respectively) but a significant decrease in the grazed forest (Tukey test, p < 0.001) ( Figure 1A ; Table S2 ). The species richness of seeds dispersed was unaffected by the removal of M. barbarus ( Figure 1B ; Table S3 ).
To determine whether the removal of M. barbarus affected the structure of the networks, six network descriptors [10] [11] [12] were calculated for each plot: (1) network specialization [13] ; (2) interaction evenness [10] ; (3) vulnerability [14] ; (4) connectance [15] ; (5) interaction strength asymmetry [16] ; and (6) network robustness [17] (Supplemental Experimental Procedures, Table S4 , and references therein). In addition, species richness and species evenness for both ants and plants were calculated for each plot, making ten variables in total. A permutational multivariate analysis of variance (PerMANOVA) was used to test for differences in all ten variables between the experimental and control plots and between the three habitats. There were no significant differences in either case or an interaction effect (Pseudo-F 1,30 = 0.298, p = 0.626; Pseudo-F 2,30 = 1.537, p = 0.219; and Pseudo-F 2,30 = 1.621, p = 0.205, respectively).
GLMs for individual variables showed that habitats differed significantly in terms of seed evenness, interaction evenness, connectance, and interaction strength asymmetry ( Figure 2 ; Table S3 ). The significant differences were always between the two forested habitats and the cereal fields: between complex Montado and cereal fields (interaction evenness and connectance) and between grazed forest and cereal fields (all four variables) ( Figure 2 ; Table S3 ). Interaction strength asymmetry was negatively affected by the removal of ants (LM, p = 0.03; Figure 2 ; Table S3 ), i.e., the dependence imbalance between the two levels of interacting species was reduced in experimental plots. Network specialization, vulnerability, and network robustness were unaffected by habitat and treatment (Table S3) . Ant species richness and evenness was unchanged by the removal of M. barbarus and by habitat (Table S3) ; thus, the loss of M. barbarus was offset by the movement of other ant species into the experimental plots. The power of the models fitted to the variables in the PerMANOVA was medium to large (0.53 to 0.99; 0.72 ± 0.05) [18] . The minimum effect size, relative to the control, detectable at a significance level of 5%, and power values of 0.80 and 0.95 were modest (2.2% ± 3.0% and 5.4% ± 5.5%, respectively; Table S5 and Supplemental Experimental Procedures).
We calculated the mean number of unique ant-seed interactions in the networks, and this was unaffected by habitat and treatment (Table S2 ). However, when calculated for species other than M. barbarus, allowing us to ask how these species changed their diet following the removal of M. barbarus, there were significantly more unique interactions between these ant species and seed species in experimental than in control plots (GLM, p < 0.001; Table S2), this effect being unrelated to habitat.
Diet breadth was significantly greater in experimental than in control plots (GLMM, p < 0.001; Table S2 ); thus, in the absence of M. barbarus, the remaining ant species expanded their dietary range, and a greater number of seed species were taken by each ant species. Differences were also found between the habitats: significantly more seed species were taken by ants in cereal fields than in complex Montado (GLMM, p = 0.025; Figure 1C ; Table S2 ).
To understand how the relative dependency of the network on each ant species changed in response to the removal of M. barbarus, we calculated the mean difference in species interaction strength [16] between the ant species with the highest (E) Seed species occurrence difference; mean difference ± SEM (220 observations from 150 plants species) (bars above the line show that the number of plots where seed species were dispersed was higher in the experimental plots; bars below the line show that the number of plots where seed species were dispersed was higher in the control plots), in the three habitats sampled in control plots (no removal of the ant M. barbarus) and experimental plots (with removal of M. barbarus). Different letters (a, b) indicate significant differences between habitats. Asterisk (*) indicates significant effect of treatment within habitat. Details of the statistical analysis and outcomes can be found in Supplemental Experimental Procedures and Tables S2 and S3. score and the rest of the ant community, i.e., how much seed dispersal functioning is dependent on the ant species with the highest strength. The difference in species interaction strength was significantly smaller (LMM, p < 0.001), decreasing in all habitats when M. barbarus was removed, and this effect was significantly greater in grazed forest (Tukey, p < 0.001) than in the other habitats ( Figure 1D ; Table S2 ).
Effect of Removing M. barbarus on Seed Dispersal We measured how frequently the different seed species were dispersed by ants by counting the number of plots where each seed was dispersed, i.e., occurrence, and subtracting occurrence in control plots from occurrence in experimental plots to give an occurrence difference. Removing M. barbarus had no consistent effect upon occurrence, increasing in complex Montado but decreasing in grazed forest and cereal fields ( Figure 1E ; Table S2 ). While the system showed considerable variation in seed identity, there was very little variation in the seed species richness. In the experimental plots, 38 plant species absent from control plots were sampled, but in the control plots, 40 species absent from the experimental plots were sampled, of which 28 were dispersed only by M. barbarus. Looking exclusively at seed species dispersed by M. barbarus, the number of seeds of each plant species dispersed was positively affected by M. barbarus removal from experimental plots (GLMM, p < 0.001; Table S2 ). The rarest plant species appeared to be those most strongly affected by the removal, with 67% of the species lost recorded once or twice ( Figure S1 ). However, a randomization test indicated that this difference could be accounted by a sampling effect (Supplemental Experimental Procedures).
Comparing the Empirical Data to Mathematical Simulations of Species Removal
We simulated in silico the effect of removing M. barbarus from the plots by removing the species and its interactions from the Table S3. control plot datasets, while allowing some degree of rewiring [19] : resources from M. barbarus were made available to the remaining species, following Carvalheiro et al. [20] (Supplemental Experimental Procedures). We looked specifically at two variables: seed species richness, which provides information on the integrity of the seed dispersal service after removal, and robustness, which measures future responses of the networks to further species loss.
Our model overestimated the impact of removing M. barbarus from the networks (Figure 3) . The model predicted its removal would result in a 40% reduction in the number of seed species dispersed (i.e., richness); the empirical removal revealed a rather different outcome: increased seed species richness in the complex Montado experimental plots and a much smaller than predicted decrease in experimental plots in the other two habitat types ( Figure 4A ). For robustness, the simulations again predicted a large decrease due to removal of M. barbarus, whereas either a small increase (grazed forest) or small decreases were observed in the experimental plots ( Figure 4B ). Differences between the simulation and both control and experimental plots were highly significant for seed species richness and robustness (GLMM and LMM, both variables p < 0.001; Table S6 ).
DISCUSSION
The removal of the most abundant ant species in the network did not result in large-scale changes in the structural properties of the ant-seed dispersal network. Indeed, the number of seeds dispersed was only significantly reduced in grazed forest. Furthermore, the only network variable to change due to removal was interaction strength asymmetry, which increased following the removal of M. barbarus. This result is even more striking because M. barbarus clearly dominated control plots by transporting ca. 65% of the seeds dispersed. The networks were structurally resilient, and, following the removal of the dominant species, the remaining ant species compensated this loss via changes in behavior. New ant species moved into the community, the remaining ant species dispersed more seed species, and the dependence of plants on the different ant species was homogenized. The identity of some of the interactions within the networks changed, however: rare plant species were the most affected by removal of M. barbarus, but this is most likely a consequence of a sampling effect.
Limitations
There are two main limitations to our approach. First, seed dispersal only truly occurs when a seed reaches a new place, escaping predation or becoming unviable, and generates a new individual [21] . Harvester ants are very effective seed collectors but actually disperse as few as 0.1% of the seeds they gather [22] . However, these rare dispersal events have the potential to shape seedling recruitment in habitats characterized by harsh germination conditions and high rates of seed death [23] [24] [25] , both of these likely to occur in Montado. Second, observations took place over 2 months, and, thus, we observed behavioral plasticity rather than population changes. However, this response provides a fast-acting buffer to any changes to the community.
The Effect of Removing M. barbarus on the Seed Dispersal Network
The number of interactions remained fairly constant because the remaining ant species assumed the role of M. barbarus. Simulations of species loss in other mutualistic networks-pollination networks-suggest that they cope surprisingly well with species loss. In pollination networks, the rate of loss due to linked extinctions is linear, rather than showing precipitous decreases, even when the most linked species go extinct first [6] . However, field manipulations of pollination systems suggest that simulations may seriously underestimate the impact of species loss; for example, losing a single pollinator species can impair the reproductive outcome of plants [9] . Brosi and Briggs [9] pointed out that the role of species in ecosystem functions is dynamic; they change their interactions depending on the presence of other competitors. However, these authors considered only the impact of removing one pollinator species on one plant species, so the community-wide impact of their manipulation remains unknown. Our community approach allows the detection of compensatory effects at the scale of the network and of both losses and gains in a wide range of species. We found that most of the seed species lost from the networks were rare but that these rare species were replaced by other rare species. However, the observed change in species occurrence was a sampling effect. The seeds of 28 rare species were dispersed by M. barbarous, and the association between a dominant, highly generalized species and rare species is seen in other mutualistic networks that are characterized by a highly nested architecture [26] .
Habitat type affected seed dispersal with consistent differences between both forested habitats and the cereal fields (Figure 2) . Canopy cover is an important driving factor in the stability of host-parasitoid networks in forests, and a reduction in cover may increase spatiotemporal homogenization [10] . The significantly lower interaction evenness in our canopy-free plots than in our forest plots is an effect also observed by Tylianakis et al. [27] .
Our results fit within the general concepts of resilience and robustness, albeit some subtle distinctions. Highly resilient networks return to their original state after perturbation, as defined by the identity of their interactions [3, 28, 29] . This is clearly not the case with our system, as the identity of the interactions is different after the perturbation. Similarly, while we are working in the general field of robustness (recording the response of the community to species loss), the term network robustness refers to network structure rather than function [5, 6, 30] . Our ant-seed dispersal system is characterized by a high level of structural plasticity [19] that allows extensive rewiring. However, what we observe goes beyond this, as rewiring does not necessarily imply the continuity of function, a network could rewire, but function could be diminished. What we observed was a highly resilient community that shows considerable structural plasticity while maintaining functionality, via an increase in diet breadth of the remaining ant species. However, we do not know whether this structural plasticity is sustainable.
The Simulated Species Removal
The species loss simulations seriously overestimated the effect of species loss on seed dispersal. Models predicted the loss of the dispersal service to rare species in the community but failed to predict that other rare species would be dispersed instead. Moreover, the simulations overestimated the impact of species loss on network robustness. These results emphasize a real need to develop models that predict more accurately the outcome of perturbations. Although we assumed that some rewiring would occur (distributing shared seed resources among the remaining species), our simulations remained unrealistic. In real communities, mechanisms of compensation following the loss of a competitive species induce reshuffling of the interactions between other species, which may provide better resistance to disturbance to the system as a whole [31] . This could occur at both the individual level (short-term behavioral responses) and the species level (longer-term population responses).
Conclusions
This is one of the few studies in which the effect of species removal from an ecological network is tested in a replicated field experiment at the level of the whole community. We observed a remarkable degree of resilience and restructuring in our seed dispersal networks, enabling seed dispersal to continue, despite a huge experimental perturbation. The simulation models, however, provided a poor prediction of our experimental findings, emphasizing the need for better models if these are to be of practical use. The incorporation of behavioral and population responses is critically needed in this context. Closer collaboration between field ecologists and theoreticians would improve the likelihood of this, as large-scale, well-replicated, ambitious field experiments are needed, alongside new theoretical approaches.
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